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SPECTROPHOTOMETRIC STUDIES OF DILUTE AQUEOUS PERIODATE SOLUTIONS 
By Carl E. Crouthamel, Homer v. Meek, D. S. Martin, and Charles v. Banks 
The solubility behavior of various sparingly soluble periodates was 
found to be anomalous as interpreted through the equilibrium constants 
for the dilute aqueous periodate system as reported in the literature. 
Thus it was necessary to investigate these equilibria as a possible reason 
for the anomaly. Reinterpretation of this solubility behavior in light 
of the results of this investigation will be reported at a later date. 
The basicity of aqueous solutions of periodic acid has been studied 
previously by various authors(l, 2,3). Giolitti(l) and Partington and 
1. Giolitti, Atti reale ~· Lincei, M., 217 (1905). 
2. Dubrisay, Compt. rend., 15?, 1150 (1913). 
3. Partington and Babl, .![. Chem. Soc., 1088 (1934). 
Bahl (3) found evidence of the dibasicity of periodic acid. Dubrisay(2) 
found somewhat doubtful evidence of a third replacable hydrogen. Rothmund 
and Drucker(4) reported the dissociation constant K1 : 2.3 x 10-2 for 
4. Rothmund and Drucker, z. physik. Chem., 46, 850 (1903). 
paraperiodic acid, H5ro6• Rae(5) ran a conductometric titration of para-
5. Rae, .!I,. Chern. Soc., 876 (1931). 
periodic acid with sodium hydroxide and obtained two breaks. The first is 
in accord With the &:!.. value reported by Rothm.und and Drucker and from the 
second break he estimated that K:2 may be of the order of 10-6 • The literature 
ISC - 33 (1 
2) ISC-- 33 
generally concurs with the fact that paraperiodic acid, H5Io6, is the only 
solid periodic acid which is capable of existence in ~uilibrium with 
aqueous solutions of the acid. Hill(6) estimated a K3 value of 4.6 x lo-ll 
6. Hill, ![. Am. Chem. Soc., .§2., 1564 (1943). 
using the previously reported values of K1 and K2 as a basis for his 
estimate. 
In this study we have confirmed the previously reported value of K:J. = 
2.3 x 10-2 and have assigned new values of ~ = 4.35 x 10-9 and K3 = 1.05 
x lo-15. Ki was confirmed from spectrophotometric studies, K2 was esti-
mated from spectrophotometric and potentiometric studies and K3 was esti-
mated using the method of Hill(6) and was confirmed by spectrophotometric 
data. 
Aqueous solutions of periodate in the absence of interfering ions 
show an absorption maximum at 222.5 ~ in the ultraviolet region of the 
spectrum over a limited pH range. Since the start of this investigation 
Mac Donald, Thompsett and Mead(?) reported an absorption maximum at 222 ~ 
7. Mac Donald, Thompsett and Mead, ~. Chem., ~ 315 (1949). 
and indicated that Beer~s law was obeyed but neglected to mention the 
critical nature of pH. The full importance of pH is adequately described 
below. 
Experimental 
In the spectrophotometric studies a Beckman Quartz Spectrophotometer 
H
 
-
.
.
.
.
.
.
.
.
 0 
H
 0 0 ...:
I - ><
 
E-<
 
H
 Il
l ?;1 Q ~ 0 H E-< p.. 0 
1.
0 
0.
5 oL
--
--
-~
--
--
--
-L
--
--
--
~-
--
-~
~-
--
-~
~-
--
-~
 
21
0 
22
0 
24
0 
23
0 
25
0 
26
0 
27
0 
W
AV
EL
EN
GT
H,
 
M_
,.a 
F
IG
.1
 -
A
BS
OR
PT
IO
N 
SP
EC
TR
A 
OF
 1
.0
1 
X
 1
0-
4
M
 KI
04
 S
O
LU
TI
O
N
S 
AT
 T
HE
 
FO
LL
01 .
'!l
liG
 p
H 
V
A
LU
r:S
: 
1
, 
6.
92
; 
2,
 
4
.7
8;
 
3
, 
3
.4
3
; 
4,
 
3
.0
4
; 
5,
 
2
.8
0;
 
6,
 
2
.3
5;
 
7
, 
1
.8
0
; 
8
, 
1
.3
5
; 
9,
 
1
.1
0
 
H
 w
 
0 w
 
H
 
.
.
.
.
.
.
.
.
 0 
H
 u
 
0 t-
l .
 
r:; H II) rJ C) t-l < u H 8 p.. 0 
1.
0 
I. 
2 
3 
4 
5,
6 
0~
--
--
--
~-
--
--
--
-~
--
--
--
--
~-
--
--
-~
--
--
--
--
~-
--
--
-~
 
20
 
22
0 
23
0 
2
4
0 
25
0 
26
0 
W
AV
EL
EN
GT
H,
 
1,y
a
 
F
IG
.2
 -
A
BS
OR
PT
IO
N 
SP
EC
Tr
tA
 O
F 
1
.0
5 
X
 1
0-
4 
g 
K
I0
4 
SO
LU
TI
O
N
S 
1>
T 
T.
:::
 
FU
LL
O'
SI
NG
 
pH
 
V
A
LU
ES
: 
1
, 
6
.5
0
; 
2,
 
7
.5
0;
 
3
, 
8
.5
0
; 
4
, 
9.
30
; 
5,
 
1
0.
15
; 
6,
 
1
0.
75
 
27
0 
.
j::""
" 
H
 U
l 
0 w
 
\.A
J 
H
 
' 
0 
H
 "
 
0 ..
, ~ 8 H U) 1;1 0 .., .. (.) H s: 0 
1.1
 
CU
RV
E 
I 
{L
OW
..,«
) 
CU
RV
E 
2 
{H
IG
H.
.-"
) 
o.s
r-
I 
~
 
I 
0.
5J
-
I 
\ 
I 
0.1
 0
~
 __
 .
_
 
_
_
 .
_
 
_
_
 ~-
-~
--
-L
--
_.
--
~-
-~
--
--
~-
-~
--
~-
-~
--
~-
--
L-
-~
 
0 
2 
3 
4 
5 
6 
7 
8 
9 
10
 
II
 
12
 
13
 
14
 
15
 
pH
 
!'
IG
.3
 
-
'T
A
RI
;.T
IO
N
 
OF
 
O
PT
IC
A
L 
D
EN
SI
TY
 A
T 
2
2
2
.5
 ~
 Ol
" 
SO
Lt
rr
iO
liS
 1
.0
09
 X
 1
0-
4 
U 
IN
 
K
I0
4 
AT
 
V~
IU
OU
S 
pH
 
VA
LU
ES
 
AS
 
A
D
JU
ST
ED
 
W
IT
H 
~~
~~
 ...
 OR
 N
aO
H 
U
SI
N
G
 ~
HE
 B
E
:'r
-.:
AN
 
INS
T~t
r..!
ENT
: 
CL
'R
VE
 
1.
 
:_
 0
 
•
}!:
.:"
ER
II;
!JW
::A
L 
f9
EC
K
M
..N
); 
0 
,
Jr
u>
Er
li!
.!E
N
T"
L 
(C
AR
Y)
 C
ON
'Tl
:l<
TI
>D
 
TO
 
B
Ev
K
J.I
iJ
i, 
0 
,
CA
LC
UL
.
aT
ED
, 
CU
RV
E 
2 
-
® 
,l!
.X
PE
RI
Y
.E
N
TA
L 
(E
Ev
!C
.!A
t>)
, I
!!J 
,
v
A
L,
U
Lt
,T
ED
. 
H
 en
 
()
 
w
 
w
 
.
.
.
.
.
.
.
.
 
\.J
l 
6) ISC - 33 
(Model DU) :md a Cary Recording Spectrophotometer (Model 12) l'fere employed. 
A Beckman Glass Electrode pH 1,~eter (Ij!odel ~) was used in carrying out the 
potentiometric titrations. Sources of periodate were paraperiodic acid 
manufactured by the G. Frederick Smith Chemical Company, Columbus, Ohio 
and Baker and Adamson reagent grade potassiUl'!l metaperiodate. The spectra 
obtained were found to be independent of the starting material in the ebsence 
of interfering substances. Ions which exhibited no interference were 
perchlorate, sodium and potassium. Ammonium ion exhibited no interference 
in concentrations at~ained by adjusting lo-4 M potassium metaperiodate up to 
pH of ca. 10.5 with filteredreagent grade ammonia solutions. Nitrate, 
sulfate and carbonate ions and carboxylate groups definitely interfere. 
After originally establishing the nature of the absorption, solutions 
of both potassium «J.etaperiodate and paraperiodic acid were scanned on the 
Cary instrument using 1.000 em. silica cells at various pH values as 
aP.justed with ~erchloric acid. ?ig. 1 shows the nature of the variation 
of the absorption spectra of solutions 1.01 x 10-4 M in potassium meta-
periodate at various pH values as adjusted by perchloric acid and using 
the Caq inst_"t'L'Emt. Fig. ~ s:im.ilarly shows the variation in the alkaline 
region of 1.05 x 10-4 M potassium metaperiodate at various pH values as 
adjusted by potassium hydroxide and unlike Fig. 1 these solutions are lo-2 
M in potassium perchlorate. Isosbestic points are apparent at approximately 
213 II1Jl and 244 IIIJl• Solutions of paraperiodic acid gave absorption curves 
identical within experimental error when similarly adjusted in pH. Fig. 3 
is a plot of the optical densities at 222.5 II1Jl for solution~ 1.009 x 10-4 
M in potassium metaperiodate at various pH values as adjusted with perchloric 
acid or sodium hydroxide. The Beckman instrument (0.99S em. silica cells) 
ISC - 33 (7 
was used up to pH 12 but at higher pH the Cary instrument was used because 
it appears to be better suited to the measurement of ve~J high optical 
densities. High optical densities at pH values above 12.0 were due to the 
fact that sodium hydroxide solutions of very hiGh pH even though they contain 
only relatively small amounts of carbonate nevertheless absorb considerably 
at 222.5 ~· The experimental values plotted in Curve 1, Fig. 3, above pH 
12.0 represent t he difference between optical densities of the periodate 
solutions at the pH values indicat ed and distilled water of the same pH 
values as adjusted by the same sodium hydroxide solution. .\s indicated on 
Fig. 3 the series of experimental optical density valuea above pH 12.0 
represent Cary instrument readings converted to equivalent Beckman instrument 
readings. This was necessitated by the fact that different molecular 
extinction coefficients, t, were found for the H3I06• ion on the two 
instruments. This is explainable by the fact that the molecuJ.ar extinction 
coefficient for this ion was determined not at an absorption maximum but at 
a wave length where the optical density is changin3 rapidly with wave length. 
'rherefore any discrepancies in the wave length scales of the two instruments 
would be reflected quite sensitively in the molecular extinction coefficients 
obtained for this ion. In the case of the H~ro6 ion no such discrepancy 
would be expected because the molecular extinction coefficient for this 
ion was determined at an absorption maximum where optical density is rather 
insensitive to wave lengt.h. Experimental values are in agreement with this 
explanation. In curve 1, Fig. 3, the ionic strength,~, varies only as a 
consequence of the addition of perchloric acid or sodium hydroxide required 
in adjusting pH. The solutions for Curve 2, Fig. 3, differ from those of 
curta 1 only in that the former are all 0.0625 M in sodium perchlorate. 
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12.0 ..--------------------------------. 
10 12 14 16 18 20 22 24 26 28 30 32 
Ul. OF 0.223 E KOH 
FIG. 4 - POTENTIO!.!ETRIC TITHATION CUR VE.:: OF FARAPERIODIC A:Iil. 
10) ISC - 33 
Differences between curves 1 and 2 are due only to difference~ ;~ ionic 
strength and experimental error. l'able I lists observed and calculated 
data corresponding to Fig. 3. 
Fig. 4 is a plot of the data obtained in the potentiometric titrations 
,)f two sar, ples of para periodic acid with 0. 22.32 N potassium hydroxide using 
the Beckman pH Meter. 
Discussion and Calculations 
Aqueous solutions of periodate were found to follow Beer's law at 
given pH values from 1.0 to 10.5 at all wave lengths in the range where 
appreciable absorption occurs. 
Eq. 1 
a!f+ X ~.3!06: 
K2: -----= 
~4I06-
Eq. 2 
~+ x'i! IO 3 K - 2 6 
.3- Eq • .3 
aH5Io6= 
predict no departure from Beer's law by changing the total periodate 
concentration, the ratios 9f the activities of the various species of 
periodate remaining constant at constant pH. In this work the pH value 
indicated by the glass electrode instrument, calibrated by means of three 
standard buffers of pH 4, 7 and 10, is taken as - log as+• For values 
lass than 1.0 or greater than 12.0 the pH was calculated from the molar 
concentration of H+ or og- and estimated values of activity coefficients. 
ISC - 33 (11 
Ho·,;;ever, an equilibrium such as 
Eq_. 4 
does predict a departure from Beer'S law at any pH value at which this 
equilibrium is of importance, since the nature of K4 does predict a change 
= in the ratio of the activities of I2o9= ~nd H3ro6= ions. Therefore this 
equilibrium is of no importance up to a pH of 10.5 and is probably never 
appreciably involved in dilute aqueous solutions of periodates. The 
formulation K4I 2o9• 9H2o frequently encountered in the literature (S) 
8. Latimer, "Oxidation Potentials", Prentice Hall Inc., New York, 1938 
page 59. 
is probably better represented as K2H3ro6.3H20• Reactions of simple 
hydration or dehydration of the various periodate species involved in 
Equations 1, 2 and 3 predict no departure from Beer's law and are not 
considered in this work. Treatment of the data obtained using only K1, K2 
and K3 accounts completely for the variation of the optical densities of the 
solutions with pH. 
A molecular extinction coefficient was estimated for H5ro6 using a 
solution of known periodate concentration and 1.14 M in perchloric acid. 
MOlecular extinction coefficients for H4ro6- and H3ro6=were est~ated from 
the wide plateaus obtained in dilute acid and dilute alkaline solution 
respectively in the plot of optical densities vs. pH for known concentrations 
of periodate. Table II lists the molecular extinction coefficients estimated 
12) ISC - 33 
iv r the various species of periodate using both the Calj"' and Beckman instrn.ments. 
Table II. i::olecular Extinction Coefficients at 222.5 np 
of the Various Periodate Species in Dilute Aqueous Solution. 
Instrument 
Becl<man 
Cary 
2.18 
2.18 
lO.OS 
9.97 
5.24 
5.86 
o.oo 
o.oo 
Good agreement was obtained except in the case of H3ro6- ~~d the probable 
reason for this has already been cited (see Experimental). This iR not 
unexpected since Ewing and Parsons(9) have shown relative descrepancies of 
9. Ewing and Parsons, Anal. Chern., 20, 423 (1948). 
half this magnitude arnon5 ten Beclooan instruments themselves at constant 
ba.Yld width. 
By substituting 1"'0 M0 , j'i :M1 , ~ u2 and ~ M3 for the activities of 
H5I06, H4Io6-, H3Io6- and H2Io65 respectively in equations 1, 2 and 3 and 
solving these equations for the molar concentrations of the various periodate 
S[)ecies tbe following equation may be written for the total periodate 
•::oocentration, assuming that{= la 
Eq. 5 
rsc - 33 (13 
The activity coefficients as functions of the ~onic strength were 
estirr,ated in the folloWing manner for all points exce ;1t for pH = 14. ::.'or 
rl, values of 11. for aqueous potassium chloride solutions (lO) were used. 
Values for~ were calculated from values of y;204 =1 ~1- HC204_ indicated 
in the potentiometric evaluation of the second ionization constant of 
oxalic acid(ll) together with the values of~. The activity coefficient, 
~' was calculated in the conventional manuer from values of ~ reported 
for various rare earth chlorides<12). For pH of 14, t;, was taken from 
values ofT!:. for sodium hydroxide and r; was calculated from values of T::t; for 
alkaline earth halides tabulated by Harned and OWen(l3). 
10. Shadlovsky and Macinnes, !!_ •• 'un. Chem. Soc., .2.2, 503 (1937). 
11. Pinching and Bates, J. Research Nat • .§ill:. Standards., !zQ, 405 (1948). 
12. Robinson, !!_ • .Am. Chern. Soc., .2.2, 84 (1937); ~· Faraday Soc., ~ 
1229 (1939). 
13. Harned and Owen, 11 T'ne Physical Chemistry of .Electrolytic Solutions", 
Reinhold Publishing Corp., New York, 1943, page 567. 
The values of K1, K2 and K3 are quite easily estimated from equation 5 and 
the following relation for the optical density 
D = .£ ~o1fo + ~\KlMQ +- E'6K~?Jo +63Kl~Kjl:o ] Eq. 6 
[ )}_aH+ 1'2aH+ "tJa~ .... 
since aH+ is known from pH measurements, Mtotal is known from chemical 
analysis,L is the cell thickness in em. and 6 3 is very nearly zero. In 
this way the values for K1, K2 and K3 waich gave the best agreement between 
ex?erimental and calculated optical density values at low ionic strength 
were found to bet 
14) 
K1 = 2.3o x lo-2 
K2 : 4.35 X 10-9 
K3 = 1.05 x lo-15 
ISC - 33 
The value of ~thus determined agrees exactly with previously reported 
values (4, 5). The value of !2, a new constant, was substantiated from 
the potentiometric titration data shown in Fig. 4 in the following manner. 
From equation 2 it follows that 
Eq. 7 
Knowing the total quantity of periodate, the volume of solution, how 
the assumed values for~ and ~vary with ionic strength, and how the ratio 
of M2 ~~ varies with ml. of base added, the condition where Eq. 7 is satisfied 
was evaluated by a series of successive approximations. This condition was 
found to occur where,t.:;;.as .-. 0.25 and 
This molar ratio corresponds to pH values of 8.24 and 8.26 on curves l 
and 2 :respectively in Fig. 4. This gives a valu.e of ~ • 5.6 x 10-9 which, 
in view of the uncertainties involved 1.n l"i and ~' is in good agreement 
with the value of K2 : 4.35 x 10-9 obtained from the spectrophotometric 
studies. 
The value of ~~ also a new constant, agrees, within experimental 
error, with the value of K3 obtained from K1 and ~ using the method of 
Hill (6). 
ISC - 33 (15 
Activity Coefficients - The magnitudes of the differences between 
Curves 1 and 2 in Fig. 3 are much greater than predicted differences due to 
such changes in ionic strength, usine normal ~ and t; values. This suggests 
an abnormal decrease of the actual activity coefficients of the H4ro6- and 
H3ro6: ions, particularly the latter, with increasing ionic strength. For 
this reason values of K1 and K2 were calculated from the data for low ionic 
strength where errors due to s~eh abnormalities would be very small. Estimates 
of the actual ~l and t; values at the ionic strengths indicated may be made 
from the magnitudes of the differences between the two curves. 
Analytical Significance -From these studies it is quite obvious that 
for the analytical determination of periodate (in the absence of interfering 
substances) speetrophotometrieally, pH is a very important factor. Inspection 
of the plot of opt~eal density at 222.5 ~ versus pH shows clearly that a pH 
of ca. 5.0 is the optimum pH to use in acid solutions for this determination. 
For solutions of low ionic strength pH values of 5.0 ~ 1.5 are quite 
satisfactory, the optical density not varying appreciably in this region. 
Concentrations as low as lo-7 molar in periodate should be det~ctable using 
5.00 em. silica cells. In the event that it is desirable to determine 
periodate spectrophotometrically in alkaline solutions, pH values between 
ea. 10.5 and 12.5 are desirable. Such analysis leads to a sacrifice in 
sensitivity of the method at 222.5 ~ because of the lower molecular 
extinction coefficient of the H3ro6= ion as compared to that of the H4ro6-
ion used in the lower pH range. This disadvantage may be eliminated by 
simply carrying out the analysis at a somewhat lower wave length, i.e., at 
a wave length nearer to or at which the H5Io6= ion s-hows an absorption 
maximum. 
16) ISC - 33 
It was shown that most probably any equilibria involving the 
-
-formation of the dimesoperiodate ion, r2o9 =, is of no importance in dilute 
aqueous solutions. Three simple equilibria involving stepwise dissociation 
of metaperiodic acid, H5ro6, account completely for the variation of the 
ultraviolet absorption S;Jectra of dilute aqueous solutions of periodate 
with pH. K1 (4, 5) was substantiated and new estL~ates of K2 and K3 were 
made from spectrophotometric studies. K2 was substantially confirmed by po-
tentiometric studies and K3 was confirn1ed by the method of Hill(6). 
Evidence was shown for abnormal act1vity coefficients of H4I06- and 
H3I06: ions with increasing ionic strength. Recommendations were made 
for the spectrophotometric determination of periodate in slightly acid 
and alkaline solutions. 
